Abstract Tamoxifen resistance has been largely attributed to genetic alterations in the epithelial tumor cells themselves, such as overexpression of HER-2/Neu. However, in the clinic, only about 15-20% of cases of HER-2/ Neu amplification has actually been correlated to the acquisition of endocrine resistance, suggesting that other mechanisms must be involved as well. Using the epithelial LM05-E and the fibroblastic LM05-F cell lines, derived from the estrogen dependent spontaneous M05 mouse mammary tumor, as well as MCF-7 cells, we analyzed whether soluble stromal factors or extracellular matrix components protected against tamoxifen induced cell death. Involvement of signaling pathways was determined by using specific inhibitors and western blot, and phosphorylation of the estrogen receptor alpha by western blot and immunofluorescence. Soluble factors produced by the fibroblastic cells protect the epithelial tumor cells from tamoxifen-induced cell death through a mechanism that involves EGFR and matrix metalloproteinases upstream of PI3K/AKT. Exogenous fibronectin by itself confers endocrine resistance through interaction with b1 integrin and activation of PI3K/AKT and MAPK/ERK 1/2 pathways. The conferred resistance is reversed by blocking b1 integrin. We show also that treatment with both conditioned medium and fibronectin leads to the phosphorylation of the estrogen receptor at serine-118, suggesting stromal factors as modulators of ER activity. Our results show that the tumor microenvironment can modulate tamoxifen resistance, providing an alternative explanation for why patients become refractory to hormone-therapy.
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Keywords Breast cancer Á Tamoxifen resistance Á Estrogen receptor Á Tumor microenvironment Á Fibronectin Á Soluble stromal factors Á b1 integrin [1] . However, the development of both de novo and acquired resistance are still important clinical problems that need to be fully understood. Research focused on understanding the mechanisms of acquired tamoxifen resistance has been mostly carried out using the human MCF-7 cell line and as such current hypothesis are based on autocrine, or paracrine mechanisms between epithelial cells. Deregulation of the HER-2/Neu pathway has been shown to contribute to tumor progression and tamoxifen resistance, leading to the development of drugs such as Trastuzamab [2, 3] . However, clinical data show that only a relatively small group (15-20%) of ER positive patients who acquire tamoxifen resistance actually show changes in HER-2 status [4] [5] [6] , implicating the involvement of other mechanisms.
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Tumors are complex organs composed not only of neoplastic cells, but also contain fibroblasts, blood vessels, immune cells, and extracellular matrix [7, 8] . Evidence suggests that both tumor progression and response to therapy are modulated by the tumor microenvironment [9, 10] . Indeed, several papers have implicated stromal signatures as predictors of response to therapy in breast cancer [11, 12] . Moreover, response to tamoxifen is associated with the overexpression of an extracellular matrix gene cluster [13, 14] . However, probably due to the lack of adequate experimental models, the molecular link between stromal factors and tamoxifen resistance remains to be explored. We recently characterized the spontaneous M05 mouse mammary tumor that arose in a BALB/c mouse in our animal facility and showed that it is estrogen dependent and tamoxifen sensitive in early passages and progresses to endocrine resistance [15] . From it, we generated a bicellular cell line, LM05-Mix, composed of both epithelial and fibroblastic cells that were subsequently separated to generate the epithelial LM05-E and fibroblastic LM05-F cell lines, respectively [16] . Our previous work showed that the fibroblastic LM05-F cells conferred tamoxifen resistance to the otherwise tamoxifen-sensitive LM05-E cells [16] . In this paper, we unravel the mediators involved in this protective effect and show that fibroblast-derived soluble factors, and fibronectin through its interaction with b1 integrin, modulate resistance to tamoxifen in epithelial cells. Our results support the above-mentioned clinical data and sustain the notion that changes in the stroma may play a key role in the development of tamoxifen resistance in breast cancer.
Materials and methods
Cell culture
The MCF-7 and LM05-Mix, -E, -F cell lines were routinely maintained in growth medium, consisting of DMEM/F12 medium (Sigma-Aldrich, St. Louis, MO), supplemented with 10% fetal calf serum (FCS, GenSA, Buenos Aires, Argentina) and gentamicin, in a humidified 5% CO 2 /air atmosphere. Serial passages were carried out by treatment of 80% confluent monolayers with 0.25% trypsin (Invitrogen, Carlsbad, CA) and 0.02% EDTA in Ca 2? -free and Mg 2? -free PBS.
Cell treatments
For cell death experiments, 35,000 cells were plated in eight well LabTek chamber slides (Nunc, Thermo Fisher Scientific, Roskilde, Denmark) in growth medium. The next day, they were washed twice with phenol red free DMEM/F12, and treatments were carried out in this culture medium supplemented with 1% charcoal stripped FCS. 17-b-estradiol (Sigma-Aldrich) was used at a final concentration of 10 nM, and 4-OH-tamoxifen (Sigma-Aldrich) at 1 lM, as previously described [16] . Both were prepared as 10009 stock solutions in absolute ethanol, and the corresponding dilutions of ethanol were used for the control cells. To test the role of fibronectin (Millipore, Billerica, MA), chamber slides were previously coated using 200 ll per well of a solution of fibronectin (2 lg/100 ll in water) or the equivalent amount of fatty acid-free BSA (Sigma-Aldrich) as a control. When used in a soluble fashion, fibronectin was added to the media at a concentration of 30 lg/ml. For treatments with LM05-F-conditioned media (FCM), the day after seeding, cells were washed and treated with a mixture of 70% FCM ? 30% fresh medium, plus the corresponding treatments. To prepare FCM, 1 9 10 6 LM05-F cells were plated in growth medium in 100-mm dishes. The next day, they were washed three times with PBS and incubated for 18 h in 5 ml of serum free, phenol red free DMEM/F12. This medium was collected, centrifuged to remove any floating cells and cell debris, and finally aliquoted and stored at -20°C until used. Regarding specific inhibitors, the following were used: MAPK pathway inhibitor PD98059 (10 lM; Calbiochem, Darmstadt, Germany), PI3K/AKT pathway inhibitor LY294002 (10 lM; Calbiochem), the matrix metalloproteinase inhibitor GM6001 (10 lM; Santa Cruz Biotechnology, Santa Cruz, CA) and the EGFR inhibitor AG1478 (6.4 lM; Calbiochem). We did not detect estrogenic activity on MCF-7 cells by ERE-Luc reporter assays or proliferation assays in the PD98059 (10 lM) we used (our unpublished observations). At least 10009 stock solutions of the inhibitors were prepared in DMSO, and the equivalent dilutions of DMSO were used as controls. To block b1 integrin, cells were incubated for 15 min with the AIIB2 monoclonal antibody (0.15 lg/ml; Aragen Bioscience, Morgan Hill, CA) or with control preimmune IgG before being plated in the chamber slides, as previously described by others [17] .
Cell death assays
We previously showed that treatment of LM05-E cells with 4-OH-tamoxifen leads to cell death as measured by the TUNEL assay (In Situ Cell Death Detection Kit, Flourescein, Roche Applied Science, Bromma, Sweden) or propidium iodide (PI) exclusion [16] . Thus, for these experiments, cells were seeded in LabTek chamber slides as described above and after the 48 h of treatment concluded, slides were washed with PBS, and cells were incubated for 1 min in a PI solution (Sigma-Aldrich, 50 lg/ml in PBS), washed in PBS, and fixed with 4% formalin in PBS for 10 min. Nuclei were counterstained with 4 0 ,6-diamino-2-phenylindole (DAPI, Research Organics Inc., Cleveland, OH), and slides were mounted with Vectashield (Vector Laboratories, Burlingame, CA). Experiments were carried out in triplicates, and 10 random fields with an average of 200 cells/field were counted per well. The percentage of PI-positive cells relative to the total number of cells (stained with DAPI) was calculated as a measure of cell death and is expressed as % dead cells in the graphs. Images were taken using a Nikon TE2000S inverted fluorescent microscope and counted using the Image Pro Plus software.
Western blot
To evaluate the activation of the different signaling pathways by fibronectin and FCM, 600.000 LM05-E cells were plated on 60-mm culture dishes in growth medium. The next day, cells were washed twice, and media was replaced by phenol red free medium. Cells were starved for 48 h and were then subjected to treatments with FCM or fibronectin (30 lg/ml) for the indicated periods of time. Protein extracts were prepared by homogenizing cells on ice in RIPA buffer (50 mM Tris, pH 8.0 containing 150 mM NaCl, 0.1% SDS, 0.5% deoxycholate and 1% NP40) containing protease inhibitors (40 lm phenylmethylsulfonyl fluoride, 5 lg/ml leupeptin, 50 lg/ml aprotinin and 200 lM orthovanadate). Protein concentrations were measured using the Bradford method. Samples were mixed with 49 sample buffer containing bmercaptoethanol and boiled for 2 min. Fifty micrograms of each sample was then separated in SDS-PAGE mini gels and transferred to PVDF membranes (Amersham Biosciences, Uppsala, Sweden). The membranes were blocked overnight in 5% fat free milk, 0.1% Tween-20 in PBS at 4°C. Primary antibodies were used at a 1/500-1/2000 dilution in PBS containing 0.1% Tween-20 (PBST) and 2.5% fat free milk and were incubated at 4°C overnight. After washing with PBST, membranes were incubated with secondary antibodies at a 1/1000 dilution for 1 h at room temperature. Signals were detected with an enhanced chemiluminescence kit (ECL, Amersham Biosciences). The following primary antibodies were used: mouse anti-phospho ERK1/2, mouse anti-ERK 1/2, rabbit anti-phospho AKT, rabbit anti-AKT, rabbit anti-b1 integrin, rabbit anti-E-cadherin (all from Santa Cruz Biotechnology), rabbit anti-phospho-serine 188 ER (Cell Signaling, Danvers, MA), mouse anti-phosphor-EGFR (Tyr1173) and rabbit anti-EGFR (Millipore). The following secondary antibodies were used: donkey anti-rabbit HRP and goat anti-mouse HRP (Santa Cruz Biotechnology). E-cadherin was used as loading control.
Zymography
Conditioned media prepared from LM05-F and LM05-E cells as indicated above was analyzed by gelatin substrate gels as described previously [18] . In brief, 10 ll of conditioned medium was mixed with Laemmli sample buffer without reducing agents, incubated for 15 min at 37°C, and separated on 8.8% sodium dodecyl sulfate (SDS)-polyacrylamide slab gels containing 1 mg/ml of gelatin (SigmaAldrich). After electrophoresis, gels were incubated for 30 min with 2.5% Triton X-100 and subsequently overnight at 37°C in 100 mM Tris-HCl, pH 7.4, containing 15 mM CaCl2. Gels were stained with Coomassie Blue R-250 (Sigma-Aldrich) and destained with water. Clear zones emerged against a blue background, indicating proteolytic activity. The same procedure was used to analyze proteolytic activity in LM05-E-conditioned media.
Immunofluorescence
Cells grown on LabTek assemblies were fixed in 4% formalin in PBS for 20 min at room temperature and permeabilized with 0.1% Triton X-100 in PBS at 37°C for 20 additional minutes. Non-specific sites were blocked with 2% FCS in PBS for 1 h at room temperature. The primary antibody against phosphor-serine 118 ER (Cell Signaling) and the primary antibody against fibronectin (a kind gift from Dr. Alberto Kornblihtt) were prepared in blocking buffer at a 1/100 dilution and applied overnight at 4°C in a humidified chamber. Samples were washed in PBS and incubated with the secondary goat anti-rabbit antibody (FITC, Invitrogen) or the rabbit anti-mouse (FITC, Invitrogen) prepared in blocking buffer for 1 h at room temperature. The slides were then washed and counterstained with DAPI or PI and mounted with Vectashield. Samples were analyzed under a Nikon Laser Confocal Microscope (Nikon, Tokyo, Japan) or a Nikon TE2000S inverted fluorescent microscope. For each experiment, the same gain was used to acquire all images by confocal microscopy. Staining intensity was calculated using Image Pro Plus software. For each time point, the staining value was normalized to propidium iodide.
Statistical analysis
The statistical significance of differences between groups was calculated by applying one-way ANOVA, followed by Bonferroni multiple comparisons test. A value of P \ 0.05 was considered significant.
Results
Fibroblast-derived soluble factors confer tamoxifen resistance to otherwise tamoxifen-sensitive epithelial cells: involvement of EGFR, MMPs and PI3K/AKT
From the estrogen-dependent M05 mouse mammary tumor [15] , we established a continuous cell line referred to as LM05-Mix [16] . Two distinct cell populations were identified in the LM05-Mix cell line that were subsequently cloned to generate the epithelial LM05-E and the fibroblastic LM05-F cell lines, respectively [16] . We previously showed that the proliferation of the LM05-E cells was stimulated by 10 nM estradiol and inhibited by 1 lM 4-OH-tamoxifen [16] . On the other hand, the LM05-F cells did not respond to either estradiol or 4-OH-tamoxifen. Moreover, we demonstrated that 4-OH-tamoxifen-induced LM05-E inhibition of proliferation involved cell death as determined by the TUNEL assay and propidium iodide exclusion. However, when both cell types were cultivated together, the induction of 4-OH-tamoxifen cell death was inhibited [16] . Thus, our results suggested that the presence of fibroblastic cells was allowing the epithelial cells to escape from 4-OH-tamoxifen-induced cell death.
To understand the molecular mechanisms by which stromal-epithelial interactions conferred tamoxifen resistance and determine whether physical interaction between the fibroblasts and epithelial cells was necessary for the protective effect, LM05-E cells were treated with 4-OHtamoxifen for 48 h in the presence of LM05-F-conditioned media (FCM). FCM was sufficient to protect the epithelial cells from the tamoxifen-induced cell death, compared to non-conditioned media (NCM) (Fig. 1a) . These results indicate that stromal-derived soluble factors, but not the physical interaction between the two cell types, are required for the protective effect. Aberrant activation of PI3K/AKT and MAPK/ERK1/2 pathways has been associated with the development of tamoxifen resistance in breast cancer [19] . Western blot analysis showed that FCM strongly activated the MAPK/ERK1/2 pathway, and to a lesser degree the PI3K/AKT pathway (Fig. 1b) . To determine whether both pathways are implicated in mediating the protective effect, LM05-E cells were treated with tamoxifen in the presence of FCM with the addition of the signaling inhibitors PD98059 or LY294002. Only the PI3K/AKT inhibitor LY294002 reversed the protective effect of FCM (Fig. 2c) . The effectiveness of the inhibitory effects of PD98059 and LY294002 can be seen in Supplementary Fig. 1a and b .
The EGFR receptor family has been implicated in the induction of tamoxifen resistance and is known to activate the MAPK/ERK and PI3K/AKT pathways in breast cancer cells [19] . Most previous studies used MCF-7 cells that were modified to over express EGFR or Her-2 to show the involvement of this receptor family in the induction of tamoxifen resistance [20, 21] . LM05-E cells are EGFR positive, and we have not modified them to over express or over-activate this receptor. Treatment with FCM led to modest phosphorylation of EGFR (Fig. 1b) . To investigate whether the paracrine activation of the EGFR pathway was involved in the protective effect conferred by FCM, LM05-E cells were treated with tamoxifen in the presence of FCM and the specific EGFR inhibitor, AG1478. The protective effect of the conditioned media was reversed by AG1478 treatment (Fig. 1d) , implying that the paracrine activation of EGFR is necessary for the induction of tamoxifen resistance in LM05-E cells. As an indicator of the effectiveness of AG1478, we measured MAPK/ERK1/2 activation, which is downstream of EGFR, in the presence of the inhibitor (Supplementary Fig. 1c) Matrix metalloproteinases (MMPs) not only play a role in breaking down the extracellular matrix (ECM), but are involved also in the regulation of cell behavior by affecting, for example, the release of growth factors such as heparin-bound EGF [22] . We wondered whether proteases could be involved in the FCM protective effect. Analysis of MMP activity in conditioned media of LM05-F cells revealed the presence of both MMP-9 and MMP-2 activities (Fig. 2a) . On the other hand, MMP activity was not detected by zymography in the conditioned media of LM05-E cells under the same experimental conditions (Fig. 2a) . To test whether stromal-derived MMPs were involved in the FCM protective effect, LM05-E cells were treated with 4-OH-tamoxifen in the presence of FCM and GM6001, a broad spectrum MMP inhibitor. In the presence of tamoxifen, GM6001 reversed the FCM protective effect but had no effect on cells that did not receive 4-OHtamoxifen (Fig. 2b) . Our results suggest that soluble factors produced by fibroblasts, including growth factors and MMPs, are involved in the paracrine induction of tamoxifen resistance through EGFR and the PI3K/AKT pathway.
Fibronectin induced tamoxifen resistance through ligation of b1 integrins
The interaction of tumor cells with the ECM has been shown to induce protection against cell death [7] . Moreover, the overexpression of fibronectin correlates with tamoxifen resistance in human breast cancer samples [13, 14] . However, to our knowledge, this has not been experimentally tested at the bench. Immunofluorescence analysis showed that fibronectin expression was specifically associated with the fibroblastic compartment in the LM05-Mix cell cultures (Fig. 3a) . Interestingly, levels of b1 integrin, the main fibronectin receptor, were much higher in the epithelial LM05-E cells compared to the fibroblastic LM05-F cells (Fig. 3b) . To test whether matrix components are involved in conferring tamoxifen resistance, LM05-E cells were cultured on fibronectin-coated plastic. We did not detect a significant increase in cell death when cells adhering to fibronectin were treated with tamoxifen (Fig. 3c) . This same protective effect was observed when MCF-7 cells plated on fibronectin-coated plastic were Fig. 1 LM05-F-conditioned media induces tamoxifen resistance through a mechanism that involves EGFR and PI3K/AKT. a LM05-E cells were cultured in non-conditioned media (NCM) or LM05-Fconditioned media (FCM) for 48 h in the presence of 10 nM estradiol (E 2 ) or 10 nM estradiol plus 1 lM 4-OH-tamoxifen (E 2 ? T). Tamoxifen induced cell death in the presence of NCM; however, this effect was suppressed in the presence of FCM (*P \ 0.05). To establish the % of dead cells, once the treatments were over, cells were washed, incubated with PI, fixed, counterstained with DAPI, and mounted as explained in materials and methods. Cell death is expressed as the % of PI-positive cells/total number of cells. b Activation of signaling pathways by FCM in LM05-E cells.
LM05-E cells starved for 48 h were treated for the indicated periods of time with FCM. Western blot analysis shows phosphorylation of ERK1/2, AKT and EGFR. E-cadherin was used as loading control. c LM05-E cells were treated as described in (a) with the addition of the MAPK/ERK inhibitor PD98059 (PD) or the PI3K/AKT inhibitor LY294002 (LY) (both at 10 lM) to the FCM-treated cells. Only LY294002 reversed the protective effect of FCM, (***P \ 0.001). d LM05-E cells were treated as described in (a) with the addition of the EGFR inhibitor AG1478 (AG; 6.4 lM) to the FCM-treated cells. AG1478 reversed the FCM protective effect, but did not on its own affect the viability of the cells (***P \ 0.001). One of three experiments is shown Fig. 2 MMP activity in FCM is required for paracrine-induced tamoxifen resistance. a LM05-E-and LM05-F-conditioned media were analyzed by gelatin zymography; activities of MMP-9 and MMP-2 were only detected in conditioned media derived from LM05-F cells. b LM05-E cells were cultured in NCM or FCM and treated for 48 h with 10 nM estradiol (E 2 ) or 10 nM E 2 ? 1 lM 4-OHtamoxifen (E ? T). Addition of the broad spectrum MMP inhibitor GM6001 (10 lM) reversed the FCM protective effect, but did not have any effects on its own (***P \ 0.001). One of two experiments is shown 
-OH-tamoxifen (E ? T).
The induction of cell death produced by tamoxifen was counteracted only in the group of cells cultured on FN (***P \ 0.001). d MCF-7 cells were treated as described for the LM05-E cells in (c) and FN, again, induced tamoxifen resistance confirming that the observed result is not specific to LM05-E cells (**P \ 0.01). One of three experiments is shown treated with tamoxifen (Fig. 3d) . To determine whether the protective effect of fibronectin was mediated by b1 integrin, LM05-E cells were pre-incubated with the AIIB2 b1 integrin blocking antibody and then seeded on fibronectin. Treatment with AIIB2 dramatically reduced the protective effect of fibronectin on tamoxifen-induced cell death (Fig. 4a) . We were unsuccessful in carrying out these experiments with MCF-7 cells given that blocking b1 integrin impeded cell adhesion to fibronectin and caused cell death (not shown), confirming previous data showing an increase in cell death by AIIB2 in this cell line [17] .
Analysis of signaling pathways downstream of b1 integrin in LM05-E cells showed phosphorylation of FAK and activation of MAPK/ERK 1/2 and to a lower degree of PI3K/AKT (Fig. 4b) . To test whether these pathways were directly involved in the protective effect, LM05-E cells seeded on fibronectin were treated with MAPK/ERK1/2 and PI3K/AKT inhibitors in the presence of 4-OHtamoxifen. In both cases, the protective effect of fibronectin was reversed (Fig. 4c) . None of the inhibitors affected cell viability in the absence of 4-OH-tamoxifen ( Supplementary Fig. 1d ). These results indicate that both Fig. 4 The protective effect of FN is mediated by the PI3K/AKT and MAPK/ERK pathways and requires b1 integrin. a LM05-E cells were plated on BSA or FN and treated with 10 nM estradiol (E 2 ) or estradiol plus 1 lM 4-OH-tamoxifen (E 2 ? T) in the presence of the b1 integrin blocking antibody AIIB2, or control IgG. AIIB2, but not the control IgG, reversed the protective effect (**P \ 0.01; ***P \ 0.001). b LM05-E cells were treated with FN (30 lg/ml) for the indicated periods of time followed by western blots analyzing the phosphorylation of FAK, ERK1/2, and AKT. E-cadherin was used as loading control. c LM05-E cells were cultured on FN and treated with 10 nM estradiol (E 2 ) or estradiol plus 1 lM 4-OH-tamoxifen (E 2 ? T) in the presence of the MAPK/ERK inhibitor PD98059 or the PI3K/AKT inhibitor LY294002 (both at 10 lM). Both inhibitors reversed the protective effect of FN (*P \ 0.05; ***P \ 0.001). pathways were directly involved in fibronectin conferred tamoxifen resistance. Finally, we tested whether fibronectin could be involved in regulating MMP activity in LM05-E or -F cells. We found no association with MMP-2 and MMP-9 activity as determined by exposure to fibronectin followed by zymography of conditioned media (Fig. 4e) . We initially showed that the treatment of LM05-E cells with conditioned media led to tamoxifen resistance through a mechanism involving EGFR. EGFR has been shown to cross talk with b1 integrin in breast cancer cells [23] . On the other hand, it was possible that soluble fibronectin fragments could be also involved in the FCM protective effect, inducing activation of EGFR. To determine whether b1 integrin was involved in the conditioned media protective effect, cells were treated with tamoxifen and AIIB2 in the presence of FCM. As shown in Fig. 5a , AIIB2 blocked the conditioned media protective effect. However, when we treated LM05-E cells seeded on fibronectin with the EGFR inhibitor AG1478, we did not reverse the protective effect of fibronectin (Fig. 5b) . Our results thus show that both soluble factors and ECM components such as fibronectin confer tamoxifen resistance, with b1 integrin playing a key role in mediating the protective effect.
Soluble factors and fibronectin induce the phosphorylation of the estrogen receptor
Phosphorylation of specific serines on ER-a is associated with tamoxifen resistance in breast cancer [24] . To determine whether phosphorylation of serine-118 was regulated by stromal-derived factors, we preformed immunofluorescence staining to check the localization of phosphor-serine-118 ER (pSer-118 ER) in starved LM05-Mix cells. The staining revealed that pSer-118 ER was very strong in the epithelial islets (Fig. 6a) . Next, to establish whether soluble factors within FCM and/or fibronectin were involved in the induction of ER phosphorylation, LM05-E cells were starved for 48 h and treated with conditioned media, or fibronectin, for different periods of time. Western blot analysis revealed that both treatments increased the levels of pSer-118 ER (Fig. 6b) . To further confirm the effect of fibronectin, immunofluorescence and confocal microscopy were carried out on LM05-E cells treated with fibronectin for 15 min. As can be appreciated in Fig. 6c and d , staining for pSer-118 ER-a increased in the fibronectin treated cells, as compared to the controls. Similar results were obtained when cells were treated with FCM (not shown). Moreover, we did not observe high levels of pSer-118 ER in starved epithelial LM05-E cells as shown for the epithelial compartment of the LM05-Mix cells where stromal-epithelial interactions are present (Fig. 6a) , further supporting a role for stromal factors as modulators of ER-a phosphorylation. Finally, we also found that fibronectin affected the phosphorylation of ER-a in MCF-7 cells as determined by immunofluorescence and western blot (Fig. 7a-c) . Moreover, phosphorylation of ER-a was inhibited by pre-treating the cells with PD98059 but not with LY294002, implying the involvement of MAPK/ERK1/2 in fibronectin induced ER-a phosphorylation (Fig. 7c) . Our results clearly show that stromal-derived soluble factors and fibronectin induce ER-a phosphorylation in the epithelial cells and that this finding correlates with induction of tamoxifen resistance. Fig. 5 b1 integrin mediates the protective effect of LM05-F-conditioned media, but EGFR is not involved in FN's protective effect. a To establish whether b1 integrin played a role in LM05-Fconditioned media (FCM) induced tamoxifen resistance, LM05-E cells were plated in the presence of non-conditioned media (NCM) or FCM and treated with 10 nM estradiol (E 2 ) or estradiol plus 1 lM 4-OH-tamoxifen (E 2 ? T). The addition of AIIB2 reversed the protective effect of FCM on E 2 ? T treated cells, but did not significantly affect the E 2 treated cells; (**P \ 0.01; ***P \ 0.001). b To test the involvement of EGFR on FN's protective effect, LM05-E cells were cultured on BSA (control) or FN and treated for 48 h with 10 nM estradiol (E 2 ) or 10 nM E 2 ? 1 lM 4-OH-tamoxifen (E 2 ? T) in the presence of the EGFR inhibitor AG1478 (AG; 6.4 lM). AG1478 did not reverse the protective effect of FN (***P \ 0.001). One of at least two experiments is shown
Discussion
Resistance to endocrine therapy is today a major clinical problem. Understanding the molecular events involved in resistance will most certainly contribute to the development of agents that may enhance clinical success. Although research carried out in the last decade has convincingly shown that the tumor stroma co-evolves with the neoplastic cells determining not only progression, but response to therapy, very few attempts have been carried out to investigate whether stromal-epithelial interactions play a role in the development of endocrine resistance in breast LM05-Mix cells were grown to 80% confluency in growth medium and were then starved for 48 h in phenol red free DMEM/F12. Staining to pSer-118 was carried out (green), and nuclei were counterstained with propidium iodide (red). Confocal images showed high levels of pSer-118 especially associated with the epithelial islets. b LM05-E cells were starved for 48 h and then treated for the indicated periods of time with FN or FCM. The levels of pSer-118 ER were analyzed by western blot. An increase in the levels of pSer-118 ER was detected in both the FN-and FCM-treated cells. E-cadherin was used as a loading control. c Immunofluorescence analyzing pSer-118 in control and FN treated LM05-E cells. LM05-E cells were seeded in chamber slides at 70% confluency and starved for 48 h. They were then treated with vehicle (water) or FN as indicated. Phospho-ser-118 staining was carried out using a FITC-labeled secondary antibody (green), and nuclei were counterstained with propidium iodide (red). cancer. We show here that factors produced by fibroblasts derived from the M05 mouse mammary tumor confer tamoxifen resistance to otherwise sensitive epithelial cells. We demonstrate that unidentified soluble factors present in the conditioned media induce resistance through activation of EGFR and PI3K/AKT, with the involvement of b1 integrin. Moreover, MMP activity is required to induce the protective effect. On the other hand, fibronectin makes the epithelial cells refractory to tamoxifen through binding to b1 integrin and the activation of the MAPK/ERK1/2 and PI3K/AKT pathways. Both types of microenvironmental factors lead to the phosphorylation of ER-a at serine-118.
Our results question the current experimental models that only consider autocrine or paracrine mechanisms between identical cells as responsible for endocrine resistance. The illustration shown in Fig. 8 portrays the model of tamoxifen resistance we are proposing in this paper. We showed previously that tumor-derived LM05-F fibroblasts protected epithelial LM05-E cells from tamoxifen-induced cell death [16] . Here, we demonstrate that treatment with FCM induces tamoxifen resistance, suggesting that physical interaction of the fibroblasts and the epithelial cells is not necessary to convey the protective effect. Cancer-associated fibroblasts secrete a variety of growth factors that acting as paracrine factors induce the PI3K/AKT and MAPK/ERK1/2 pathways in cancer cells [25] . Indeed, we find that the protective effect of FCM is blocked by PI3K/AKT inhibitors. However, inhibition of MAPK/ERK1/2 does not restore sensitivity to tamoxifen in FCM-treated epithelial cells, suggesting that this pathway does not play a key role in the protective effect induced by the stromal-derived soluble factors. In addition, cancerassociated fibroblasts produce large amounts of MMPs that remodel the tumor microenvironment [25] . We show that inhibiting MMP activity abolished the protective effect of FCM. MMPs have been shown to play a role in growth factor release, such as heparin-bound EGF [22] , production of bioactive ECM fragments [26] , and shedding of growth factor receptors [27] and surface molecules such as E-cadherin [28] . It remains to be established which of It has been well documented that the EGFR/HER-2 receptors are crucial for the development of tamoxifen resistance in breast cancer. However, the amplification of the genes that code for these receptors was detected in only 15-20% of patients who acquired tamoxifen resistance [6, 29] . We show that stromal-derived soluble factors activate EGFR and that blocking the activation prevents induction of tamoxifen resistance. Recently, Shekhar et al. showed that fibroblasts derived from ER -/PR -human breast tumors conferred tamoxifen resistance to otherwise sensitive premalignant EIII8 and tumorigenic MCF-7 cells, when co-cultured [30] . They suggest that EGFR is not involved in fibroblast-induced tamoxifen resistance because an association between tamoxifen resistance and levels of EGFR or phospho-EGFR and endocrine sensitivity was not found. However, it remains to be tested whether an EGFR inhibitor, such as AG1478, reverses the protective effect.
Deposition of ECM components such as fibronectin is associated with the breast tumor stroma. Previously, an extracellular matrix gene cluster, which includes fibronectin, was associated with tamoxifen resistance in breast tumor samples [13, 14] . However, the precise function of fibronectin in the acquisition of tamoxifen resistance has not been addressed before. We show that fibronectin is exclusively associated with the stromal compartment in the LM05-Mix cultures. Importantly, breast cancer cells cultured on fibronectin are resistant to tamoxifen-induced cell death. The b1 integrin antibody reversed the protective effect in LM05-E, indicating fibronectin-integrin binding as necessary. We further show that the effect of fibronectin led to the activation of FAK and was mediated by the PI3K/AKT as well as the MAPK/ERK1/2 pathway. Others have previously shown that laminin inhibits estrogen action in MCF-7 and T47D cells [31] . On the other hand, Hiscox et al. recently showed that in endocrine-resistant variants of MCF-7 cells, FAK activation is increased compared to the endocrine-sensitive parental cell line [32] . We did not find an association between fibronectin-integrin interaction and release of MMPs. Others have previously shown that a5b1-fibronectin binding leads to MMP-1-dependent invasion by breast cancer and mammary epithelial cells [33] . However, Fig. 8 Illustration portraying the proposed mechanism of tamoxifen resistance. Soluble factors produced by carcinoma fibroblasts induce resistance through activation of EGFR and PI3K/AKT, with the involvement of b1 integrin; MMP activity is required to induce the protective effect. On the other hand, stromal fibronectin makes the epithelial cells refractory to tamoxifen through binding to b1 integrin and the activation of the MAPK/ ERK1/2 and PI3K/AKT pathways. Both types of microenvironmental factors lead to the phosphorylation of ER-a at serine-118. Green arrows indicate signaling pathways that are activated and are involved in the protective effect; blue arrows indicate pathways that are activated but that do not play a key role downstream. Black arrows indicates cross talk between different types of receptors we did not detect MMP-1 in our zymogram assays either in the presence of absence of fibronectin (data not shown). Deregulation of integrins has been previously associated with resistance to chemotherapy in breast cancer [34] , drug-induced apoptosis in myeloma [35] , glioma [36] and non-small lung cancer cells [37] . A study carried out on 149 patients showed that high b1 integrin expression was associated with decreased overall and disease-free survival among patients with invasive breast cancer. Furthermore, extracellular fibronectin expression was also associated with decreased overall and disease-free survival, and b1 integrin expression was significantly correlated with fibronectin, implicating that integrin-ligand interactions were correlated with a more aggressive disease [38] .
Although there is still controversy over this matter, tamoxifen resistance is mechanistically associated with the phosphorylation of the ER-a at serines located in the AF-1 region of the receptor [39] . We found that LM05-Mix cells cultured for 48 h in serum free media showed high levels of staining for pSer-118 ER-a in the epithelial cell compartment, implicating stromal-epithelial interactions in the modulation of ER-a phosphorylation. Accordingly, we established that both FCM and fibronectin induced the phosphorylation of ER-a at this location. Interestingly, the effect of fibronectin was reproducible in MCF-7 cells. These results have important implications given the fact that as mentioned above, there is still controversy over the correlation between levels of phosphorylation of ER-a in the AF-1 region and tamoxifen resistance [39] .
In summary, our work shows that stromal-derived factors confer tamoxifen resistance to otherwise sensitive mammary epithelial tumor cells. The diversity of pathways involved suggests that the tumor microenvironment confers endocrine resistance through an array of overlapping mechanisms that are redundant. This implies that strategies that target only one signaling pathway may not re-sensitize endocrine-resistant tumors to tamoxifen and that the possibility of modulating the tumor microenvironment itself, or its interaction with the tumor cells, may be a more effective approach. Our results are the first, to our knowledge, to show an involvement of fibronectin in the induction of resistance to tamoxifen. Previous results from microarray analysis of human tumors had suggested a link between the stromal factors and tamoxifen resistance [13, 14] . Here, we confirm, in an experimental mouse setting, that the tumor stroma contributes to tamoxifen resistance and support the notion that endocrine therapy in combination with therapies that target the tumor microenvironment could be a future alternative to overcome endocrine resistance in breast cancer.
